Abstract: In this paper, the traceability of copper from the anode to the cathode and then the wire rod has been studied in terms of impurity content, microstructure, texture, recrystallization kinetics, and ductility. These characterizations were obtained based on secondary ion mass spectrometry, differential scanning calorimetry (DSC), X-ray diffraction, HV hardness, and electron backscattered diffraction. It is shown that the recrystallization was delayed by the total amount of impurities. From tensile tests performed on cold drawn and subsequently annealed wires for a given time, a simplified model has been developed to link tensile elongation to the chemical composition. This model allowed quantification of the contribution of some additional elements, present in small quantity, on the recrystallization kinetics. The proposed model adjusted for the cold-drawn wires was also validated on both the cathode and wire rod used for the study of traceability.
INTRODUCTION
Copper is extracted from underground or open-sky mines. However, the last method is the most commonly used. In order to determine whether to mine a copper ore deposit or not, several considerations must be taken into account, for example: the grade of the ore, the geological characteristics of the site, and the economic feasibility of undertaking the investment.
After the ore is extracted, the crushing stage begins and it is usually divided into several steps. The first process is wet milling, which also involves reduction of the ore size; the final grain size varies from 100 to 200 μm. Then, the copper mineral is concentrated by means of a process referred to as "flotation," in which the valuable mineral is separated from the useless one. Next, there are two ways to go ahead depending on characteristics of the ore. Sulfured ore is treated by pyro-metallurgy or oxide ore is processed by a hydro-metallurgical method (Philibert et al., 1998) .
Hydro-metallurgy is the method used to elaborate the cathodes studied in the present work. The mineral is mixed with sulfuric acid during the agglomeration process and then it is processed by leeching, where copper is dissolved into the sulfuric acid. The product obtained from the leeching process is a solution of copper sulfate (CuSO 4 ), which is piped to a solvent extraction plant to increase the copper content of the solution, producing copper anode. Next, the electrowinning process starts, that is, the copper content of the solution is electrodeposited on top of stainless steel sheets. The final product is called "copper cathode." Then, copper cathodes are exported to several countries. There, copper wire rod manufacturers melt them to produce all sort of wire rods by hot drawing. These wires are transformed to thin wires by different steps of cold drawing and annealing. Metal workability is a key point for the industry to succeed in production of the final wire. However, this property can be forwarded or delayed, depending on the impurity content.
There are several reports in the literature concerning analyses of the effects of impurities and thermal treatment on copper rods submitted to transformation processes such as cold/hot drawing (Smart & Smith, 1943; Harper et al., 1961 Harper et al., -1962a Harper et al., , 1961 Harper et al., -1962b Su, 1982; Henderson et al., 1992) . However, little is known about the effects of impurities on the source materials such as copper anodes and cathodes. Cathodes are usually continuously casted to obtain wire rods.
Several effects can be related to impurities including an increase in recrystallization temperature and changes in the mechanical properties (ductility, yield strength, etc.) . For example, bismuth in copper increases the recrystallization temperature [8.3°C/ppm (Pops, 1987) ] and also causes embrittlement because it segregates at grain boundaries (Armstrong et al., 2011) . Other impurities, such as sulfur and lead, can cause similar effects in copper (Smart, 1954; Takuno et al., 1996) . Effects of oxygen, which is a major addition element in copper rods, are controversial. Oxide particles would enhance recrystallization of the metal by a particle-stimulated nucleation (PSN) mechanism, while it has also been reported that oxides segregate at grain boundaries, causing embrittlement and possible premature fracture (Nieh & Nix, 1981) . These studies do not necessarily exclude each other, but they do represent two opposite and contradictory points.
Even though recrystallization of copper wire rods has been vastly investigated in the past years (see for example Jakani, 2004; Benchabane et al., 2008) only few studies have investigated other types of copper, such as cathodic copper, and particularly from a mechanical point of view. These works deduced correlations between mechanical behavior and oxygen content (González & Hidalgo, 2006; Camurri et al., 2012) .
In the following, copper traceability from the anode to the wire rod through the cathode will be studied to follow impurity evolution of the copper from its "extraction" to its final manufacturing as a wire. Chemical analyses by secondary ion mass spectrometry (SIMS), differential scanning calorimetry (DSC) measurements, electron backscatter diffraction (EBSD) microstructure maps and recrystallization, and mechanical behaviors were determined at each step of the elaboration process to better understand the link between chemical copper quality and the above cited properties. Moreover, a model is developed to quantify the effect of individual impurities on the recrystallization behavior.
MATERIALS AND METHODS
The investigated coppers were obtained from copper anodes, cathodes, and their derived wire rods, thus ensuring the traceability of the successive transformed coppers. The copper samples were from Codelco, the primary copper producer in Chile. Table 1 shows the typical chemical composition in ppm of the studied coppers. These chemical analyses were performed by the EVANS Analytical Group, by interstitial gas analysis and glow discharge mass spectrometry.
The copper samples were deformed by cold rolling up to a 60% reduction. In addition, the initial state of each copper was investigated. With respect to the copper samples, the following nomenclature is used in the text: A-I/C-I/W-I, A-60/C-60/W-60 where the letters A, C, and W correspond to copper samples of A: anode, C: cathode, and W: wire rod. I indicates the initial state and the number 60 stands for the 60% cold-rolled reduction of section.
After rolling, some samples were introduced inside a vacuum furnace preheated at 400°C and maintained for 20 min in order to achieve the fully recrystallized state. The letter R is therefore added to the annealed samples.
Spatial repartition of chemical elements was measured using SIMS for the initial states of the three different coppers. The high sensitivity of the SIMS technique allows detection of trace elements in the range of 10 16 -10 13 atoms/cm 3 . Images obtained through this analysis reconstitute the distribution of the elements of the surface studies. The device used for these analyses was a CAMECA IMS7f (CAMECA, Gennevilliers, France) using the following conditions: Cs+ as the primary ion source under 10 kV accelerating voltage, 10 nA for the primary current, raster size of 150 µm and analysis of negative secondary ions, and 4.4 kV secondary accelerating voltage. Surface preparation before analysis consisted of mechanical polishing with SiC papers followed by diamond polishing to 0.25 μm. Cleaning was by an ultrasonic bath in ethyl alcohol. The DSC experiments were performed using a SETARAM 92 micro-calorimeter (SETARAM, Calluire, France) under an argon atmosphere and at the heating rate of 30°C/min, from room temperature to 400°C, while an empty crucible was used as a reference. DSC was used to determine the recrystallization temperature. Samples subjected to DSC experiments were polished and cleaned with an ultrasonic alcohol bath in order to remove surface contamination.
To analyze grain reorientations after mechanical and thermal treatments, scanning electron microscope (SEM) images and EBSD were performed using field emission gun (FEG)-SEMs Zeiss SUPRA 55 VP (Carl ZEISS Microscopy, Oberkochen, Germany) or SIGMA HD fitted, both with an EBSD system TSL-EDAX Hikari (EDAX-TSL, Mahwah, NJ, USA) and analysis software OIM TM (orientation imaging microscopy). The map dimension depends on the analyzed microstructures. The step size is 0.2 µm, the tension is 20 kV, and the working distance is 10 mm. Maps were cleaned with a grain dilation option (Grain tolerance angle = 5°; minimum grain size = 5 pixels). For EBSD analysis, the samples were prepared by mechanical polishing (0.25 μm diamond) followed by electrolytic polishing with a Struers D2 solution (Struers, Champigny sur Marne, France) (24 V during 20 s) to avoid polishing deformation effects.
Vickers micro-hardness determinations were obtained using a LECO M-400-H micro indenter (LECO, St Joseph, Michigan, USA). Samples were prepared as for the DSC experiments. To determine the recrystallized fraction of the samples, submitted to different annealing times (between 1 and 20 min in a vacuum furnace at 400°C followed by air cooling), ten Vickers indentations separated by 0.3 mm were performed. For each sample a load of 200 gf was applied for 25 s.
To study recrystallization kinetics, samples were cold rolled and annealed at 400°C in a vacuum furnace. Then the samples were submitted to the micro-hardness indentation. The recrystallized fraction X at time t, is deduced from the following relation, which takes into account the results of the indentations:
where HV i , HV f , and HV (t) are, respectively, the Vickers microhardness values corresponding to the initial state and to the final recrystallized state and determined after the annealing time t.
The global texture was measured by X-ray diffraction in a Siemens goniometer system (Siemens, St Denis, France). The X-ray radiation used was cobalt Kα and the {200}, {220}, and {111} incomplete pole figures were measured. For the cathode initial state, the X-ray diffraction analyzed surface corresponds to the sheet surface. Software RD direction (indicated on pole figures) corresponds to one of the longest sheet lengths. For the wires, the software RD axis is aligned along the drawing axis of the wire. For the 60% cold-rolled samples, the physical RD has been randomly chosen for the anode, aligned along the longest length for the cathode and along the drawing axis for the wires. The data were then analyzed using the arbitrarily defined cells method (Pawlik, 1986) with Labotex software to calculate the orientation distribution functions and the complete pole figures.
To complete this study, and especially to determine how the chemical elements can individually affect the recrystallization behavior, the CODELCO 6.3 mm wire (obtained by 38% cold drawing of the 8 mm wire rod) and five other 6.3 mm wires from Jakani (2004) were also used.
The 6.3 mm wire was annealed at 260°C for 8 min, then a tensile test to fracture was performed to obtain the tensile elongation (TE) (British Standard Draft BSI, 2011) . This test allows selection of copper wires having good elongation (including necking) and thus good ductility. The TE value is indirectly linked to the ability of the copper to recrystallize. It is available only for 6.3 mm wires. The impurity contents and the TE values for these wires are given in Table 2 .
RESULTS

Copper Traceability from Anode to Wire
Anode The initial states were characterized by EBSD, X-ray diffraction, and SIMS. Figure 1 shows the microstructure of the anode. It clearly reveals a microstructure obtained by solidification and composed of large dendrites. Grain size is about 500 µm. Black points correspond to badly indexed points in the EBSD map due to the presence of precipitates that were removed during the electro-polishing process. Note that the polishing process does not introduce any precipitates other than SiC, which are not detected during chemical analyses, but are located in the interdendritic area as well as at the dendrite boundaries (Fig. 1) . Surface hardening induced by the mechanical polishing is removed by the electropolishing. The crystallographic texture does not indicate any particular orientation and can be considered as random. SIMS analyses show the presence of a high content of oxygen located especially at the grain boundaries and in a lower amount in the interdendritic area (Fig. 2) . Note that, for all SIMS maps, the color scale represents the local relative concentration: high (red) and zero (black).
The SIMS analyses also reveal the presence of sulfur and copper at locations where oxygen reaches its maximum concentrations (Fig. 2) . Note that bismuth and arsenic have also been measured in the interdendritic areas.
A study of fracture surfaces of the anode after tensile tests shows lots of particles corresponding to Cu 2 O oxides (Fig. 3) . No precipitates containing S were detected. Bi or As were detected using the energy dispersive spectroscopy method in the anode samples.
Cathode
The cathodes are then obtained from the anodes, which are electrorefined by immersing them in a solution, and then copper is electro deposed using an electrical current over stainless steel sheets. Figure 1 shows the microstructure of the cathode, which is quite different when compared to the anode. The grain size is now about 40 µm (excluding twins). No intergranular precipitates are observed. Grains contain a high amount of thin twinned areas. The twin boundaries constitute about 50% of the total grain boundaries. The initial texture is close to random even if the {100} <011> rotated Cube orientation is measured by X-ray diffraction (Fig. 4) .
The SIMS chemical maps confirm the purity of the cathode copper compared with the anode (Fig. 5) . Some isolated spots rich in iron or silicon or sulfur are nevertheless observed. However, the fracture surface after tensile testing reveals clean material without any precipitates or inclusions at the FEG observation scale (Fig. 3) .
Wire
The cathode was melted and hot drawn to produce wire rods of 8 mm diameter. For this study, and to ensure the traceability, the copper cathode was not mixed with copper cathodes from other locations or countries as is usually the case during industrial processes. Figure 1 shows the microstructure of the wire rod. It is composed of nearly equiaxed grains of 40 µm containing large twin areas. The fraction of twin boundaries is 50%. The texture of the wire corresponds to a hot-drawn texture with two partial fibrrs <111> //ND and <100> //ND as reported in the literature (Jakani et al., 2007) in wires (Fig. 4) .
The SIMS chemical maps show the presence of oxygen and sulfur, both at the same locations. Thus, it is possible there are inclusions rich in both compounds O and S (Fig. 6) .
The fracture surface of the wire shows a complete ductile fracture, having small and large dimples inside of which particles can be found. Most of them contain oxygen (Figs. 2d, 2e ), but other are composed of iron or silver only (Figs. 2f, 2g) . The iron may come from surface contamination by the drawing tools while the sulfur and silver are present in the copper initial composition of the cathode. The same ductile fracture is observed for the anode and cathode. Cu 2 O precipitates were observed in the anode dimples when no precipitation was found in the cathode dimples in accordance with the low impurity content of this sample.
Recrystallization Behavior from Anode to Wire
In order to determine the predisposition of the copper to be submitted to sequential shaping processes, it is essential to know the recrystallization ability of copper, with different levels of impurities. For this purpose the DSC experiments were performed on the three types of copper after 60% cold rolling. An example of recrystallization temperature calculation is given in Figure 7 . Figure 7a shows the raw evolution of the heat flux as a function of the temperature and Figures 7b and 7c are deduced from the first one and allow to determine the recrystallization temperature.
However, it can be pointed out that, because of the high impurity content of the anodes it was impossible to activate or determine any critical temperature associated with recovery or recrystallization.
For the two remaining types of copper samples: cathodes and wire rods, and from the DSC experiments, the recrystallization temperature was deduced. This parameter Figure 5 . SIMS impurity maps of the initial cathode: (a) oxygen (4,000-26,000), (b) iron (4,000-31,000), (c) silicon (4,000-26,000), and (d) sulfur (4,000-32,000). Scale bar is 20 μm. SIMS, secondary ion mass spectrometry. Figure 6 . SIMS impurity maps of the initial wire: (a) oxygen (4,000-32,000), (b) sulfur (4,000-32,000), and (c) copper (4,000-20,000). SIMS, secondary ion mass spectrometry.
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can thus be determined with the relation established by Kissinger, using the maximum peak temperature from the DSC curves (Kissinger, 1956; González & Hidalgo, 2006; Benchabane et al., 2008; Camurri et al., 2012) . Table 3 shows the recrystallization temperature for each sample. The recrystallization temperature is defined as the temperature at which the material is 50% recrystallized (Humphreys & Rollet, 2004) . Let us note that the recrystallization temperature for both samples equals 289°C.
Then, the three types of copper were subjected to annealing at 400°C for 20 min after 60% cold rolling in order to study the impact of impurities on their recrystallization behavior. This temperature was chosen higher than the recrystallization temperature determined by DSC (Table 3) to ensure full recrystallization. Figure 8 shows the microstructures of the three coppers after recrystallization trough orientation maps in color and image quality map in gray.
The grain size of these cold rolled and annealed anodes is much smaller than that of the initial anode (500 µm) thanks to cold rolling and further recrystallization. The anode has a bimodal grain size distribution. In the upper left area, smaller grains are observed (10 µm) whereas grains are larger in the lower side (30 µm) (Figs. 8a, 8b ). In the area where grains are smaller, a lot of precipitates can be observed. This area corresponds to the prior interdendritic zone. Thus, it is clear that the precipitates inhibit the grain boundary migration during recrystallization, which leads to a smaller grain size. By contrast, grains could grow easily in the area where no precipitation is observed.
For the cathode and the wire, the recrystallized microstructures are similar with a homogeneous grain size of 30 µm. This means that the microstructures after recrystallization are not sensitive to the small difference of impurity content between the initial cathode and the wire.
The textures of the samples after 60% cold rolled and after recrystallization are shown in Figure 9 .
After the 60% cold rolling, the copper type texture is strengthened compared with the initial states. It is typical copper texture obtained for materials of medium staking fault energy after a medium amount of straining. In addition, it is mainly composed of the {112} <111> copper and {011} <100> Goss components. The medium straining induces a predominant copper component compared with the {123} <634> S component.
The texture after complete recrystallization is random for the anode and is nearly random with a weak copper component for the cathode. After recrystallization of the wire, the texture is randomized but the cold-rolled texture can still be measured. For the anode, the large particles can lead to a PSN mechanism that can randomize the texture during annealing. For the cathode, and the wire, the low cold-rolling rate (60%) does not permit development of the Cube recrystallization texture (Gerber et al., 2005) but provides a texture close to the deformation one with less intensity. This means that all crystallographic orientations can develop by recrystallization and the decrease of intensity may be due to the twinning. As the deformation texture of the wire is sharper than the cathode one, the recrystallization texture is also sharper.
To study the effect of impurities on recrystallization, it was decided to follow the softening of the cold-rolled samples during annealing with increasing progressively the recrystallized fraction. Therefore, the different copper samples were annealed at a temperature of 400°C, in a vacuum furnace, at times ranging from 1 to 20 min and finally air quenched. Figure 10a shows the three copper samples and evolution of the recrystallized fraction, deduced from the microhardness indentations as a function of the annealing times. It may be noted that for the three samples, the one coming from the anode, with a high impurity content (Fig. 10b) , shows the lower recrystallization evolution, while the cathode that is the purest shows the fastest recrystallization evolution. These experimental results confirm the effect of impurities on the recrystallization process: their highest content slows down the recrystallization process (Fig. 10b ).
DISCUSSION
At a first glance, it could be concluded from Figures 10a and 10b that the role of oxygen among the impurities is predominant (Fig. 11) and that the recrystallization process is delayed as soon as the oxygen content increases. It is well known that depending on the oxygen location, its effect on recrystallization is different. If it is at grain boundaries, it delays recrystallization while oxygen in large particles (>1 µm) will promote it by a PSN mechanism. In our case, the oxygen stands in both configurations in the anode but it seems that the effect on boundary migration is predominant since the recrystallization is delayed. Unfortunately, it was not possible to determine the presence of particles and/or segregation at grain boundaries. Atom probe tomography should be used to complete this work. In the cathode, the oxygen content is very low and no precipitation is observed. Classically, oxygen is introduced in the wire to improve the recrystallization. Indeed, many authors reported the beneficial effect of the oxygen content on recrystallization (Coutsouradis et al., 1974; Ravichandran & Prasad, 1992; Pops & Holloman, 1994; Jakani et al., 2004) . Coutsouradis et al. (1974) explained that the presence of oxygen essentially as Cu 2 O, can favor recrystallization by combination with other deleterious elements. Their study showed a clear decrease of the recrystallization temperature with the increase of the oxygen content. Ravichandran & Prasad (1992) wrote that the Cu 2 O oxides increased the dynamic recrystallization rate by increasing the rate of dislocation generation and hence the nucleation rate. In the present work, Cu 2 O are also observed in the wire and could favor recrystallization. Nevertheless, its recrystallization kinetics is delayed compared with the cathode. This may be attributed to the impurity content (without oxygen), which is higher in the wire. Thus, the recrystallization delay must be explained by the other impurity amounts (except oxygen), which decreases from anode to wire and cathode, in accordance with the 50% recrystallization time.
Hence, the aim of the following part of the present paper is to study how the elements can individually affect the recrystallization behavior, which can be estimated from an industrial test of TE described above.
In order to separate the effect of oxygen from other impurities, Figure 12a shows the evolution of TE as a function of oxygen content for wires with similar impurity amounts (the gap of 8 ppm does not concern elements that notably affect the recrystallization, such as sulfur (Jakani et al., 2007) . This curve confirms the positive effect of oxygen on recrystallization, but in a very small proportion. On the contrary, Figure 12b shows that the sulfur delays recrystallization and thus degrades the copper TE. Such an effect has already been reported (Jakani et al., 2007) .
To get a quantitative description of the individual contributions of the different chemical elements, equation (2) proposed by Magaña & Fernandez (2009) can be used. Results are compared to experimental values of TE in Table 4 (column 2).
TE MF ð%Þ ¼ 50:6 + 0:1Se + 1:07Te -15:9Bi -0:35Sb -0:113As -4:78Pb -3:99Sn + 0:138Fe
From Table 4 , a large difference appears between the TE values. It is not surprising since in equation (2), sulfur and oxygen are not taken into account. A modified equation is proposed here. A linear evolution of TE with O and S is assumed, as suggested by Figure 12 :
where O and S are expressed in ppm.
To identify the x and y coefficients, two coppers with extreme values of TE were selected, that is, Cu-Ref and Cu-S. Using these two equations, the following coefficients are found: x = 0.0318 and y = −3.4207.
It can be noted that the oxygen contribution is lower than that found in Figure 12a (0.0318) . This is probably due to the combined effects with other impurities even if their amounts were chosen to be very close. As far as the sulfur is concerned, the coefficient is in good agreement with Figure 12b (−3.4207 against −3.3398).
The positive effect of oxygen is confirmed, but its impact is quite limited. The contribution level on TE (or recrystallization kinetic) has never been quantified before because it is quite difficult to measure the effect of oxygen which depends on the purity level of the copper itself (Feyaerts et al., 1996) . Moreover, a high weight for sulfur was found that indicates a large contribution of it on TE and can be correlated to the degradations of the mechanical properties reported in the literature (Coutsouradis et al., 1974) .
From equation (3), TE for all the other wires can be calculated (Table 4 column 3) . First, a gap with experimental values can be seen for the sample Cu-SPb containing a larger amount of lead compared with the two coppers that were selected for identification of x and y. This suggests that the Pb coefficient introduced in the law of Magaña & Fernandez (2009) is not fully appropriate. According to Coutsouradis et al. (1974) , there is a very small change in recrystallization temperature when Pb < 6 ppm, when there is a notable effect for high levels of Pb. This suggests that Pb has a very low impact on TE for the samples studied here (Pb < 3 ppm). Consequently, the Pb coefficient is decreased so as to account for the TE of the Cu-SPb sample. When the Pb coefficient is equal to 0, TE = 28.1. This is close to the experimental value (TE = 31), but physically it is not possible for this Figure 11 . Impurity concentration as a function of copper initial states. Figure 12 . Evolution of TE as regard to concentration of (a) oxygen and (b) sulfur. TE, tensile elongation.
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However, TE values for Cu120 and Cu270 remain too high. This suggests that this difference is either due to Ag or Sb since they are the remaining elements above negligible levels. Column 5 shows the results for TE after Sb and Ag coefficients adjustments. Finally, the modified equation (3) becomes the following equation:
TE final ð%Þ ¼ 50:6 + 0:1Se + 1:07Te -15:9Bi À 4:4Sb -0:113As -0Pb -3:99Sn + 0:138Fe
Note that the effect of both Se and Te has been reported to cause embrittlement (Archbutt et al., 1937) . The positive coefficient in equation (4) is thus counter intuitive. Nevertheless, their concentrations are too low to produce a detectable effect (McKay & Armstrong-Smith, 1966) , so these coefficients are not modified. Iron has been found as a precipitate with a diameter larger than 1 µm (Ignat, 2013 ) (see also Fig. 3f ). Thus, it could favor the PSN mechanism and as a consequence accelerate recrystallization.
To validate this new equation on copper traceability, TE must be calculated for these three coppers. TE is directly linked to the 50% recrystallization time. Figure 13 shows the relationship between these two parameters. If we assume a linear evolution, the following dependence can be established:
Let us note that the value of TE = 45 obtained for t 50% = 0 should correspond to the purest wire. This is in agreement with Industrial CODELCO results (confidential) over >100 wires and Magaña & Fernandez (2009) over 65 wires, which showed that TE remains lower than 45 whatever the wire purity. TE for the three CODELCO coppers: anode, cathode, and wire rod are given in Table 4 column 6 and can be compared with the prediction of the final model using equation (4) (column 7). Results are in very good agreement as shown in Figure 14 . This model is thus able to predict the recrystallization behaviors of the Codelco cathode and wire.
The anode has been removed from this curve since the quantity of impurities is too high and the Magaña and Fernandez model is not accurate because it has been optimized on wires with low impurity contents.
CONCLUSIONS
This paper has tracked the traceability of copper during its transformation from the anode to the cathode and then to the wire rod. Precipitation is extreme in the anode and is undetectable in the cathode at least with SEM. The subsequent hot drawing of the wire rod leads to a slight precipitation in the form of particles of iron, silver, and copper oxide.
With regard to the recrystallization behavior, the negative effect of the overall impurity levels is confirmed. However, the chemical elements taken individually may have more or less marked effects or even antagonistic ones.
Thus, on the basis of the work by Magaña & Fernandez (2009) , a new model including the effect of sulfur and oxygen has been developed to calculate TE to the fracture of annealed cold-drawn wire as a function of chemical composition. This work has confirmed the adverse effect of sulfur, but also shows the moderate contribution of oxygen, although it remains positive for recrystallization. Moreover, this study has minimized the lead contribution and instead maximized that of silver and antimony in the field of lowimpurity levels. Thus, this model is able to reproduce with a good approximation the TE to fracture.
The proposed model adjusted for the cold-drawn wires was also validated on both the cathode and wire rod used for the study of traceability. In fact, this could be used to predict the ability for cathodes to recrystallize from their chemical composition.
